Harmonics in power systems is increasingly at high level. Also, there has been an incredible growth in the use of cross linked polyethylene (XLPE) cables in distribution systems. Harmonics cause additional power loss/temperature rise; causing premature failure of cables. Catastrophic failure of power cables leads to great inconvenience to consumers and loss of system reliability and money. To avoid the overheating of power cables; the additional power loss due to harmonics should be accurately calculated and properly accommodated by derating the cable. The present method of calculating the power loss in cables in harmonics rich environment is very arduous. The aim of this paper is to present the reasonably accurate method for evaluating effects of harmonics on the power loss in XLPE cables. Computational model is developed in MATLAB for power loss calculation using conventional method. Using this model, calculations are performed for aluminium and copper conductor XLPE cables of different size and type; for three different types of harmonics spectrums having total harmonics distortion (THD) of 30.68%, including all odd harmonics components up to 49 th order. Using these results; a mathematical model in the form of simple empirical formula is developed by curve fitting technique. The results obtained by various models are presented and compared with error justification.
Introduction
The increased use of nonlinear loads in all sectors has resulted in increasingly high level of harmonics, especially, in the distribution systems. In the recent years, due to number of technical and commercial reasons, there has been a remarkable growth in the use of XLPE cables in underground power distribution systems. Thus, the harmonics problem and the use of XLPE cables in power systems are growing simultaneously. Harmonics in distribution systems causes additional power loss and hence additional heat/temperature rise. This additional heat produced because of harmonics is of less significance in bare conductor overhead lines, but it is very significant in power cables. This is because power cables are much more vulnerable to temperature rise as compared to overhead lines.
Catastrophic failures of XLPE cables cause inconvenience to consumers and tremendous loss in terms of system reliability, time and money. To avoid the overheating of XLPE cables; the additional power loss due to harmonics should be accurately calculated and properly accommodated by derating the cable. The conventional method of calculating power loss in cables in harmonics rich environment is very arduous.
The aim of this paper is to present reasonably accurate method for evaluating effects of harmonics on the power loss in XLPE cables. Computational model is developed in MATLAB for power loss calculation using conventional method. Using this model, calculations are performed for aluminium and copper conductor XLPE cables of different size and type; for three different types of harmonics spectrums having total harmonics distortion (THD) of 30.68%, including all odd harmonics components up to 49 th order. Using these results; a mathematical model in the form of simple empirical formula is developed by iterative curve fitting technique. The results obtained by both the models are presented and compared with the proper justification for errors. Practical example is given to emphasize the proposed approach.
Harmonics and XLPE Power Cables Data

Harmonics Data
linear loads the percentage of triplen harmonics is much more in residential load and the higher order harmonics are absent. Because of large percentage of SMPS loads the percentage of triplen harmonics is also more in commercial load and at the same time the higher order harmonics are present. Whereas; industrial load has small percentage of triplen harmonics with higher order harmonics as most of the load in this case is three phase nonlinear load.
Considering above facts, harmonics data for the typical dominant residential load, dominant commercial load and dominant industrial load each having THD of 30.68% is used in this paper. All the odd harmonics components up to order 49 th are considered in these spectrums.
However; it should be noted that, the harmonics spectrums are general in nature and no specific load of any type is dominant in any of these three spectrums. This is so as to generalize the proposed approach with minimum errors.
XLPE Power Cables Data
XLPE cables data for both aluminium and copper cables used in distribution systems is collected from the product leaflets of XLPE cable manufacturers in India and abroad. The study of these product leaflets revealed that, in most of the cases, the required data for XLPE cables i.e. the DC resistance at 20°C for aluminium and copper XLPE cables is strictly specified as per IEC std.60228 [2] . The same data is used in this study.
Computational Model
Let, R 20 be the DC resistance of cable conductor per unit length at 20 0 C; then, according to IEC std. 60287-1 [3] . The DC resistance of the cable conductor per unit length at the permissible maximum operating temperature (θ) is,
where, α 20 is the constant, temperature coefficient of resistance for conductor material at 20°C per Kelvin.
As per IEC std. 60502-1 [4] , the maximum operating temperature is 90 0 C for XLPE insulation. According to IEC std. 60287-1 [3], the AC resistance of the cable conductor per unit length at the permissible maximum operating temperature is,
where, R dc is the DC resistance of the cable conductor per unit length at the permissible maximum operating temperature. y s and y p are respectively skin and proximity effect factor Re-writing Equation (2),
In Equation (3) both, y s and y p are frequency dependent. Therefore, the ratio (R ac /R dc ) is frequency dependent.
According to [5] , the ratio (R ac /R dc ) can be expressed as, 
where,
where, f is the frequency (Hz), In this work all odd harmonic components up to 49 th harmonic order are considered, therefore, the value of the ratio (R ac /R dc ) is calculated for each frequency component using Equations (4 and 5). As R dc is known from Equation (1), R ac for each frequency component (i.e. R ac1 , R ac3 , R ac5 , R ac7 , . . . . . , R ac49 ) can be calculated. Let, I L be the rated ampacity of cable conductor (Amp),
In harmonic rich environment [6] , 
. , I
In pure sinusoidal conditions (i.e. when, H h = 0), power loss in all conductors of the cable is given by,
In non-sinusoidal conditions (i.e. when, H h 0), power loss in all conductors of the cable is given by, 
Sheath/screen power loss, armour power loss and dielectric power loss are called as other losses in XLPE cable and are generally taken as 5% of the conductor power loss in both pure sinusoidal and non-sinusoidal condition; hence, get cancelled in pu power loss calculations.
At a base value of WS the per unit (pu) power loss in pure sinusoidal condition (WS-pu) will be given by,
At the same base value of W S the per unit (pu) power loss in non-sinusoidal condition (W NS-pu ) will be given by,
Computational model in the form of MATLAB program is developed to implement this conventional method.
Mathematical Model
Using above computational model, calculations are performed for aluminium and copper conductor XLPE cables of different size and type; for three different types of harmonics spectrums having THD of 30.68%. Using these results; a mathematical model in the form of simple empirical formula is developed by iterative curve fitting technique.
As obtained from the curve fitting exercise, relationship between the percentage harmonic load (x) and per unit power loss (P L ) in XLPE power cables is given by the empirical formula in equation (13).
Where, a 1 and a 2 are constants and their values depend uponi) Harmonic spectrum ii) Size and type of cable, and iii) Conductor material Values of the a 1 and a 2 constants for aluminium abd copper conductor, small, medium and large size cable types and for three types of harmonic spectrums are calculated.
Performance Analysis
Effect of Harmonics Spectrum
The effect of harmonics spectrum on power loss; respectively calculated using computational and mathematical model, i.e empirical formula (13) is shown in Figure 1 . As seen from Figure 1 , with same THD; there is very small effect of harmonics spectrum on the power loss in XLPE power cables and power loss calculation results using computational and mathematical model are same.
Effect of Cable Size
The effect of cable size on the power loss for residential harmonic spectrum is shown in Figure 2 . From Figure 2 it is seen that, the effect of harmonics on power loss in small cable is less and more in large cables. Because; large cables have higher ampacity. In this case also the power loss calculation results using both the models are same and error is negligible. 
Effect of Number of Cores
The effect of number of cores on the power loss for residential load is shown in seen that, the effect of harmonics on power loss in single/three core cable is less and is more in three and half core and four core cable of same size. This is due to the power loss in neutral conductors in these cables in non-sinusoidal load condition.
Effect of Conductor Material
To evaluate the effect of conductor material on power loss due to harmonics, aluminium and copper cables of the same size can't be used; but, cables having same ampacity need to be used. The results are shown in Figure 4. From Figure 4 it is seen that, the effect of harmonics on power loss in aluminium and copper conductor cables having same ampacity is same.
In each of the four cases above the power loss calculation results using computational and mathematical model are with less than 1% relative percentage error. This small error is due to truncation and round off errors in numerical calculations.
Illustrative Example
The harmonic analyzer readings of the current through 1 × 50 mm 2 copper conductor XLPE cable in industrial power distribution system are as follows: The power loss in XLPE power cables significantly increases with increase in harmonics level. The increase in power loss with increase in harmonics level follows rising quadratic relation. Therefore, presence of harmonics in power systems results in severe increase in power loss and failure rate of XLPE power cables.
The effects of harmonics on the power loss in XLPE power cables can be very conveniently calculated with reasonable accuracy using developed empirical formula. It is interesting to note that, the operating temperature of the cable (in ℃) can also be very easily calculated from the pu unit power loss with the same small error.
